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ABSTRACT
Jami Saffioti
COMPARISON OF PASSIVE CERVICAL
FLEXION IN CHILDREN AND ADULTS
2007/08
Dr. Jennifer Kadlowec
Master of Science in Mechanical Engineering
Head trauma is the most frequent injury sustained by children in car crashes, and the neck
plays a key role in governing head kinematics during the crash. Pediatric
anthropomorphic test devices (ATDs) are used to assess the risk of head injury, yet the
pediatric ATD neck is a size-scaled model of the adult ATD neck, with no consideration
for the tissue properties and morphological changes during human development. To help
understand the effects of maturation on the changes in neck flexion biomechanics, this
study compared the passive cervical spine flexion of children to adults in specific age
groups (6-8, 9-12, 20-29, 30-40 years). Subjects with restrained torsos and lower
extremities were exposed to a 1 g inertial load in the posterior-to-anterior direction, such
that the head-neck complex flexed when the subject relaxed their neck musculature.
Surface electromyography with audio feedback was used to coach the subjects to relax
their neck musculature. A multicamera 3-D target tracking system was employed to
capture the motion of specific landmarks on the head (Frankfort Plane) and thoracic spine
(Tl and T4). Neck flexion angle with muscles relaxed was calculated for each subject.
Neck flexion angle significantly decreased with age, with changes in head-to-neck girth
ratio partially explaining the decrease. A statistically significant increase in cervical
spine flexion was found in adult females compared to adult males. Data also illustrate
this trend in children, but it was not statistically significant. In summary, these results
demonstrate an increased passive cervical spine flexion in children compared to adults,
and females compared to males. These data will help guide the development and
validation of pediatric ATDs.
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I. Introduction
Head trauma is the most frequent injury sustained by children in car crashes (Durbin et
al., 2003) and the neck plays a key role in governing head kinematics during the crash.
Designing effective motor vehicle safety systems to mitigate such injuries requires the
use of a humanlike (biofidelic) anthropomorphic test device (ATD). In the case of head
injury, it is essential that the ATD accurately predict the occurrence of an interior head
impact and, given an impact, the velocity and orientation of the head immediately prior to
impact.
The ATD neck is of particular importance when predicting head kinematics as it is the
primary medium through which restraint loads are transferred from the torso to the head.
The biofidelity requirement of the adult ATD neck is specified as a relationship between
the bending moment at the head/neck junction and the angle between the head and the
torso (Mertz et al., 1989). During forward flexion of the head/neck complex, the bending
moment at the head/neck junction (occipital condylar moment) at a specific head to torso
angle must fall within the bounds of the biofidelity corridor seen in Figure 1. This
relationship has been accurately quantified via experimental studies of the cervical spine
in post-mortem human subjects (PMHS), post-mortem animal subjects (PMAS), and live
human volunteers (Mertz and Patrick, 1967; Mertz and Patrick, 1971; Ewing and
Thomas, 1973; Mertz and Patrick, 1973; Melvin et al., 1973; Ewing et al., 1975; Ewing et
al., 1976; Patrick and Chou, 1976; Ewing et al., 1977; Ewing et al., 1978; Begeman et al.,
1983; Wismans and Spenny, 1984; Wismans et al., 1986; Ma et al., 1995; Thunnissen et
al., 1995; Deng et al., 1998). However, owing to the lack of pediatric cadaver
biomechanical data, the 3 and 6 year old pediatric ATD necks are based on size-scaled
models of adult data with no consideration for the tissue and morphological changes
during human development (Irwin and Mertz, 1997). In order to better understand the
effect the neck has on head kinematics, it is important to understand the anatomy of the
cervical spine.
Figure 1: Neck Biofidelity Corridor
Anatomy
The first portion of the anatomy section will review the adult neck structure, which has
been widely studied, followed by a brief description of the child neck, which has the
added complexity of structural and biomechanical changes through maturation.
The ligamentous cervical column consists of 7 stacked vertebra, of which vertebra C3
through C6 are similar in structure (Figure 2, Figure 3). In the adult, vertebra C3 through
C7 are interconnected through three primary joints. First, the fibrous intervertebral disc
connects the vertebral bodies and is the site of significant tissue deformation during neck
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motion. Second, a pair of facet joints is positioned posterior to the main body of the
vertebra. Third, a pair of uncovertebral joints is formed at the lateral edges of the
vertebral bodies. The mating joint surfaces of the facet and uncovertebral joints articulate
by gliding across each other and seem engineered to guide spinal motion. The
intervertebral disc consists of a fibrous annular ring encasing the gelatinous nucleous
pulposis and as such is primarily suited to support axial load while providing the
necessary flexibility to accommodate neck bending (Figure 2a). The adult Cl and C2
vertebra are unique in their structure, as they lack an intervertebral disc between them
(Figure 2b). Also called the atlas, C1 lacks a vertebral body and thus compressive loads
from the head are directly transmitted to Cl through the occipital condyles. C2, also
known as the axis, replaces the vertebral body with a structure called the dens, which
protrudes superiorly through the spinal canal and articulates with C1. Loads from Cl are
transmitted to C2 through the lateral articular facets. C2 transmits load to C3 in manner
similar to the typical vertebra - through the intervertebral disc and facet and
uncovertebral joints.
Uncovertebral Joint ,
Facet Joint
Intervertebral Disc ~e
.. <.7"... (b)
Vertebral Body
(a)
Figure 2: Cervical Spinal Column (a) and Upper Two Cervical Vertebra C1 and C2 (b)
Many ligaments interconnect the cervical vertebra. Vertebrae C3 through C7 are
supported by five ligaments that run along the length of the cervical spine - the anterior
longitudinal ligament, the posterior longitudinal ligament, the ligamentum flavum, the
supraspinal ligament, and interspinal ligament (Figure 3a). Ligament structures in
atypical vertebra (C1-C2) are largely a continuation of those from the typical vertebra
(Figure 3b). The anterior atlanto-occipital membrane, which connects C1 to the skull, is
a continuation of anterior longitudinal ligament. The membrane tectoria, a broad
ligamentous band that covers the dens, is a continuation of the posterior longitudinal
ligament. The posterior atlanto-occipital membrane is a continuation of the ligamentum
flavum. Two other strong rounded cords, the alar ligaments, attach to C2, bypass Cl, and
attach directly to the base of the skull (Magee, 2002). The above is a description of the
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essential anatomy of the adult ligamentous cervical spine or cervical spine without
muscles. (Maltese et al., 2007)
'moro'"a Oo~ U.-~1:
)iB~s~~na: ~t ttt mibraar." --- to-- - ..
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Figure 3: Middle (a) and (b) Upper Ligamentous Cervua pn
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2005). These differences likely result from the aforementioned material and structural
changes throughout maturation. The current pediatric neck scaling procedures do not
consider these age-dependent differences. Consequently, the accuracy of current
pediatric ATDs are called into question. To help redefine the pediatric biofidelity
requirement, recent studies have examined the developmental changes in pediatric
cervical spines of PMHS, PMAS and human volunteer.
Post Mortem Animal Subject (PMAS)
Post mortem animal subjects have been used experimentally due to the limited supply of
pediatric tissues. The existing data supports that animal specimens are suitable models in
the examination of the pediatric cervical spine. Human-equivalent age has been
established for the olive baboon based upon skeletal maturation (Ching et al., 2001) and
caprine based upon maturing ossification patterns (Pintar et al., 2000) to match different
human age groups.
Ching et al. (2001) conducted a baboon study in which they examined the effect of spinal
development on the tensile mechanics of the cervical spine. Sixty-eight (68) isolated
functional spinal units (FSUs) were subjected to tensile loading to record the mechanical
response. Results illustrated that in the 3 year old, the tensile stiffness of the middle
cervical spine (C3-C4) is nearly double that of the head-neck junction (Oc-C2), the C3-
C4 FSU is little more than 30% stiffer than Oc-C2 in the 12 year old. In another baboon
model, Nuckley and Ching (2006) tested 18 osteoligamentous functional spinal units
(OC-C2, C3-C4, C5-C6, C7-Tl) in tension and compression and ultimately displaced to
failure in tension. A significant direct relationship in both tension and compression could
be seen from the resulting functions of the developmental biomechanical response of the
cervical spine for stiffness.
Hilker et al. (2002) conducted a study using a caprine model. Samples of 72 FSUs (OC-
C2, C3-C4, C5-C6, C7-T1) were subjected to pure moment. The results presented
reasonable scale factors for the comparison of caprine and human. Hilker et al. found
that the 6 and 12 year old bending stiffness is 40 and 60% of that of the adult,
respectively.
Post Mortem Human Subject (PMHS) Studies
Nuckley et al. (2005) assessed 11 human cadaveric cervical spines across the
developmental spectrum (2-to-28 years old). The C3-C5 constructs were subjected to
compression where they found increased compressive stiffness with age.
Ouyang et al. (2005) examined 10 unembalmed pediatric head-neck complexes with
intact ligamentous cervical spines. Each specimen was subjected to nondestructive
flexion-extension bending by applying a pure moment to the neck. They found a 46%
increase in tensile failure load in older pediatric subjects (6-12 years) compared to
younger subjects (2-4 year).
Nightingale et al. (2002, 2007) conducted two studies in order to determine the
flexion/extension bending properties in both females (2002, 52 spinal segments - OC-C2,
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C3-C4, C5-C6, and C7-T1) and males (2007, 41 spinal segments - OC-C2, C4-C5, and
C6-C7) in pure-moment flexibility and failure testing. In both tests, results revealed that
the upper cervical spine was significantly stronger than the lower cervical spine in both
flexion and extension. These findings contradict the large number of upper cervical spine
injuries in out-of-position airbag deployments, specifically odontoid fractures commonly
occurring in extension (Hadley et al., 1986; Levine and Edwards, 1986; Myers and
Winkelstein, 1995). The difference could be attributed to a tensile mechanism produced
by a tensile load in the odontoid ligamentous complex or other active musculature.
Future studies should further investigate the location of flexion in live human subjects.
Live Human Subject Studies
In a study of 67 children, Arbogast et al. (2007) tested subjects in flexion/extension,
lateral bending, and horizontal rotation using a range of motion (ROM) instrument, which
has previously proved to be a valid means of measurement. Results displayed that
subjects experienced greater flexion and right, left rotation as age increased. Findings
also showed no significant difference between genders for any range of motion measures,
which is supported by several other pediatric studies. Arbogast et al. reported that only a
few related studies exist in the current literature for normal pediatric cervical spine range
of motion. Lynch-Caris et al. (2006) conducted tests also using a range of motion
instrument on children age 8 to 10 years. Other experimental studies (Lewandowski and
Szulc, 2003; Sforza et al., 2002; Feipel et al., 1999) use varying methodologies and
pediatric age ranges, yet all results are comparable to the findings of Arbogast et al.
These studies investigate active range of motion, which is a more natural motion, yet this
is best associated with day to day behavior.
Contrary to the limited existing literature involving child subjects, there are many studies
on adult cervical spine range of motion. Arbogast et al. notes the particular work of Chen
et al. (1999), a long term study from 1968 to 1998 including 25 adults tested using
various methodologies. In comparison to adults, the pediatric active cervicalspine
flexion and extension data was greater. In contrast to the child range of motion studies,
gender differences were found in adults suggesting females have greater cervical spine
range of motion.
Previous key findings reveal that flexibility of the ligamentous cervical spine decreases
with age and stiffness as well as failure load increase with age. These outcomes likely
result from the aforementioned material and structural changes during maturation.
Throughout the pediatric age range, the cervical spine undergoes dynamic changes in
ligamentous laxity, size relative to head, orientation of facets, and ossification of
vertebrae. The current pediatric neck scaling procedures do not consider these age-
dependent differences. Consequently, the accuracy of current pediatric ATDs are called
into question. Normative values of cervical spine range of motion (ROM) for children
provide useful baseline data for clinical understanding of how these structural changes
are associated with injuries in the cervical spine. However, few experimental data exists
characterizing cervical spine developmental biomechanics. Thus, this work assesses the
deformation of the ligamentous cervical spine. The purpose of this study is to compare
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the passive cervical spine range of motion in pediatric and adult cervical spines. Based
on previous literature, we hypothesize that cervical spine flexion will decrease with age
and that female subjects will exhibit greater passive range of motion than males for a
given age. These data will help quantify the changes in cervical spine flexion across
maturation and act as a validation for computational cervical spine models. Ultimately,
these data will contribute to the development of a pediatric ATD biofidelity requirement.
The following chapters of this thesis further detail this study from beginning through
fruition. Chapter II discusses the test methodology and analysis procedures. Chapter III
presents the results of this study. Chapter IV is a discussion of the results and Chapter V
is the conclusion of this work recalling our hypothesis and offering ideas for future work.
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II. Methodology
The study was conducted at Rowan University's Motion Analysis Laboratory in the
Department of Health and Exercise Science. The Children's Hospital of Philadelphia and
Rowan University Institutional Review Boards approved the protocol for this study.
Participants
Normal, healthy subjects were seated in a text fixture (Figure 4) with lower extremity and
torso restraints, while the fixture was slowly rotated forward by 45 and 90 degrees.
Subjects were screened for medical conditions that could have precluded them from
participation. Subjects had to don a tank top. Electromyography (EMG) sensors were
placed on the neck and shoulders to assess muscle activation and small spherical
photosensitive markers were placed on the skin proximal to the head, spine, and
extremities. Subjects were asked to sit in a chair, and relax and contract their
musculature, thus establishing a baseline EMG measurement for each subject. Subjects
were then asked to sit in the test fixture and torso, pelvis and lower extremity restraints
were donned. With the subject fully restrained, the test fixture seat was rotated forward
by an angle of 45 and 90 degrees, held for five seconds at each, and then returned to the
upright position. The procedure was repeated six times using the first three tests as a
means for subjects to become comfortable with the procedure. EMG feedback was used
to encourage the subjects to relax their neck musculature during the last three tests. At
the end of the tests, the subject got out of the fixture, and was discharged from the study.
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a) b)
Figure 4: Test Fixture Chair (a) and Occupant Fully Rotated (b)
Recruitment
Volunteers learned of the study through flyers placed on the campuses of Rowan
University and the Children's Hospital of Philadelphia. The flyers described the project
briefly and provided a phone number and email address whereby interested parties
contacted us. The Recruitment and Consent Specialist on the project received phone calls
and emails from potential subjects in response to our distributed flyers, contacted the
subjects to determine eligibility and scheduled them for a data collection visit. Subjects
received two movie tickets each for participation in the study. Recruitment stopped when
approximately 50 subjects completed the study.
Screening Phase
The Screening Phase occurred via telephone interview where the screener asked
questions that determined if the subject passed all of the Study Participant Eligibility
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Criteria listed in Table 1. For child subjects (under age 18 years), the potential subject's
parent or guardian was asked the screening questions. For adult subjects (age 18 years
and over), the potential subjects themselves were interviewed. If a subject successfully
passed the phone-based pre-screening, the subject was scheduled for a visit to the Motion
Analysis Laboratory in the Department of Health and Exercise Science, Rowan
University, Glassboro, NJ.
Study Participant Eligibility Criteria
Subjects will be included in the study if they meet the following criteria:
" Male and female subjects age 6 to 40 years.
" Subject's Body Mass Index (BMI) is within 10th and 90th percentile for the subject's
age (based upon CDC Growth Charts). This will eliminate subjects at the extremes of
the height-to-weight ratio and focus our research on the bulk of the vehicle
population.
" Absence of the following medical conditions:
Table 1: Study Participant Eligibility Criteria
Neuromuscular diseases Familial Hyperlaxity Syndrome
Diagnosed scoliosis or other chronic spine Prior cervical spine fracture including
conditions atlanto axial rotatory subluxation
Degenerative bone disease Osteogenesis Imperfecta
High incidence of fractures in subject Acromial or stemoclavicular dislocation
historyPrevious significant thoracic and Clavicle fracture
abdominal surgery 
__________________
Ehlos-Danlos syndrome Spondylolisthesis
Marfan's Syndrome Congenital scoliosis
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Experimental Setup
The Biomechanics Laboratory was equipped with eight Eagle Digital (Motion Analysis,
Inc., Santa Rosa, CA) high speed cameras, which were used to detect photoreflective
markers placed on each participant and record their positionand movement. Eagle 1
Digital RealTime motion capture system (Motion Analysis, Inc., Santa Rosa, CA) was
the 3-D target tracking software used for this study. A project was created for this
experiment consisting of a general marker set to record the motion of desired anatomical
landmarks. The same project was used for all subjects in this study.
Before each subject arrived an individual folder was created consisting of a copy of the
existing project. Once the project was loaded within Motion Analysis, the space in which
the test took place was calibrated both statically and dynamically. Static calibration
required placing an L-shaped metal frame, with four reflective markers of known
distances apart, in the center of the floor where testing was to occur. This established the
x, y and z global axes. Dynamic calibration required waving a 'wand', with three
reflective markers also of known distances apart, in the x, y, and z planes ensuring that
the desired three dimensional space where tests took place could be viewed. Data
recording was named based upon subject number, age, and trial. Output files were
generated for each trial containing x, y, and z coordinates for all markers with respect to
time.
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Subject Preparation
Each subject was greeted upon arrival and given a brief overview of the study. The
subject was then asked to sign a consent/assent form. A parent or legal guardian had to
be present to sign the consent/assent form if the subject was under the age of eighteen.
The subject donned a tank top such that particular anatomical locations were accessible.
Once the subject was changed, general anthropometry was recorded including age,
weight, height, head depth, head width, head circumference, neck height (distance from
C7 to opistocranium), neck depth, neck width, neck circumference, seated height, and the
distance from manubrium to xyphoid process. Figure 5 displays anthropometric
dimensions that were recorded.
a) Head and Neck Depth b) Head and Neck Width
7 7
c) Seated Height d) Neck Height
Figure 5: Anthropometric Measurements
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Instrumentation
Electromyography (Noraxon, Inc., Scottsdale, AZ) was used to record the muscle activity
of each subject. More importantly this was used to ensure that the subject was
completely relaxed throughout the actual test. The muscle sites where EMG surface
electrodes (Noraxon, Inc., Scottsdale, AZ) were to be placed were cleansed with Nu-Prep
(Weaver and Co., Aurora, CO) to remove any dead skin cells. The electrodes monitored
the muscle activity of the right and left paraspinous, right and left trapezius, and right and
left sternocleidomastoid. The electrodes connected to a transmitter, which in turn
generated instant biofeedback within the TeleMyo 2400T V2 telemetry system (Noraxon,
Inc., Scottsdale, AZ). All wires were strain relieved to ensure that the electrode wouldn't
pull away from the skin, thus giving optimal muscle response. Electromyography (EMG)
data was recorded throughout each trial at 1000 Hz per channel. The EMG placements
are shown in Figure 6.
Figure 6: Electromyography (EMG) Electrode Placement
Electrodes were attached to the sternocleidomastoid (SCM), trapezious (TRP), paraspinous
(PSP), and a reference (REF).
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Each subject completed an isometric, maximum voluntary contraction (MVC) exercise in
which the necessary neck musculature, sternocleidomastoid and paraspinous, was
activated to its full capacity. In this exercise the subject first flexed their neck as pressure
was applied to the front of the head by a stable resistance, which activated the
stemocleidomastoid. The subject then extended their neck as pressure was applied to the
back of the head by a stable resistance activating the paraspinous. Each contraction was
held for approximately ten seconds as the maximum value was recorded.
Photoreflective markers were placed on the subject on the following locations; occiput,
right and left acromion processes, nassion, right and left external auditory meadus, T1,
and T4. Two markers were placed about an inch in each direction laterally from the
manubrium, along the clavicles. One marker was placed midway between the
manubrium and the xyphoid process. The subject finally donned a cap consisting of four
markers on the right, left, front and back sides of the head. Figure 7, seen below, depicts
the locations in which the reflective markers were placed.
Figure 7: Motion Analysis Photoreflective Marker Placement
Anterior (left) and Posterior (right). Markers were attached to the acromion processes (ACR), four
positions on the head (HED), external auditory meatus (EAM), nasion (NAS), sternoclavicular joints
(SCJ), mid-sternum (STR), T1, T4, and the seatback top and bottom (not shown).
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The subjects were assisted into the test fixture seat. The test fixture consisted of a rigid
seat that was capable of rotating slowly through an angle of 90 degrees. The test fixture
seat included leg and thigh restraints to control subject motion. The system featured a
four point belt restraint with shoulder belts and a lap belt. With assistance from a
member of the research team, the restraints were adjusted to restrict the motion of the
torso, pelvis and lower extremities. If the shoulder belt was uncomfortable for the
participant additional pads were placed between the belt and the subject. The belt system
allowed further distribution of restraint loads and thus increased occupant comfort, as
well as providing increased repeatability by allowing us to apply higher restraint loads.
The occupant donned both the lap and torso restraint systems, which were then snugly
secured. The lower extremity restraints were adjusted to be snug to the thigh and leg. An
EZ-TILT-2000 rev-2 gravity-based tilt sensor (Advanced Orientation Systems, Inc.,
Linden, NJ) was placed on the subject's skin between the T1 and T4 markers. This tilt
sensor provided real-time measure of the angle of the upper torso with respect to ground,
and allowed the researchers to rotate seat of the test apparatus such that the subject's
spine reached specific, predetermined angles with respect to ground.
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Testing Protocol
Neck Muscle Relaxation Criteria
Once the occupant was secured in the test fixture, the EMG software was used to
determine an individual Resting-to-Active Threshold Voltage (RATV). The RATV was
measured to establish a level for minimal muscle activity. The subjects were instructed
to passively flex their head forward in a relaxed state. An initial biofeedback value was
set to produce no audio output. The subjects were then instructed to voluntarily raise
their head up. An audio output would be evoked, if any of the EMG responses from the
neck muscles exceed the initially set biofeedback value. This process was iteratively
performed until a minimum biofeedback value was established as the RATV. The
subject's RATV was used to determine whether or not the subject was relaxed throughout
the tests. Once the RATV was determined the test was ready to begin.
Primary Data Collection
The experimental procedure was a series of tests, with each successive test designed to
encourage the occupant to relax their muscles and allow the lower extremity, lap and
torso restraints to support their full body weight, thus simulating the condition of the
unaware and relaxed occupant in a frontal vehicle crash whose inertial forces are
supported by the restraint system in the vehicle. The occupant was progressively exposed
to greater seat angle allowing the restraints to support their full body weight. The subject
was encouraged to relax while the EMG system specified any neck musculature
activation. The subjects were asked to relax in the upright position and 45 and 90
degrees from upright (Figure 8).
19
(a)
(b)
Figure 8: Restrained Subject in (a) Upright and (b) Fully Rotated Position
At each angle of rotation a marker was. used to trace the deflection of the upper cervical
spine, from T1 to the occiput. A stick of known length consisting of two markers, also at
known distances along the stick, was used to trace the cervical spine. A single marker
along the spine brought upon marker identification issues and consequently a virtual
marker had to be made to trace this neck deflection. A virtual marker was created in
Motion Analysis, which is a projection of the line between two markers at a known
distance apart. This method was ideal to avoid the interference between markers to
record the deflection of the upper cervical spine. During all tests, the cameras all
recorded the position of the photo-reflective markers on the head, neck, and torso. Figure
9 illustrates the device used to trace the cervical spine where the black dots are physical
markers and the dot in contact with the cervical spine is the virtual marker.
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Figure 9: Cervical Spine Tracing Apparatus
Immediately following that last test, subjects were assisted out of the test fixture. The
photoreflective markers, cap, and EMG electrodes were removed from the subject. The
subject removed and returned the shirt given to them at the beginning of the protocol, and
donned his/her own clothing. Each volunteer was given two movie tickets and signed a
form stating they received them.
Subjects had the option to withdraw from the study at any time. Subjects could also be
discontinued from the study if they were not compliant with the study protocol or were
unable to follow basic instructions from the study administrator. It was documented
whether or not each subject completed the study.
Data Analysis
Motion Analysis software was used to track the location of the photoreflective markers
during rotation. The project and tracks, or trials, were loaded specific to each participant
in order to analyze all tests. Once a marker was identified, its displacement was
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monitored. Motion analysis data was collected for each trial at a sampling rate of 60 Hz
and the output files contained all marker coordinates with time.
The time series data for each trial of all subjects were imported into MATLAB
(Mathworks, Inc., Natick, MA) for data analysis. A custom program was written such
that the operator was prompted for individual subject information and the desired output
data.
Within the code a head vector was generated from the midpoint of the left and right EAM
markers and the nasion, the seat vector from the upper and lower markers placed on the
seatback, the spine vector from the T4 to the T1 marker, and the torso vector from the T1
marker to the midpoint between the left and right stemoclavicular joint markers. The
resulting head, seat and spine vectors were projected onto the sagittal plane. The head vs.
spine angle was computed as the angle between the head and spine vectors shown in
Figure 10. Average angle values were computed during the portions of the trial where the
test apparatus was stationary and the subject's muscle activity remained below his/her
RATV for one or more seconds. Conditions and/or trials where the subjects' paraspinous
or SCM muscle activity remained above their RATV, leaving less than one second of
relaxation, were eliminated from the head vs. spine angle analysis. Head vs. spine angles
were averaged across age groups for comparison. It was assumed that a patient with a
disproportionately large head compared to their neck would have greater mass and thus
greater forces acting to flex the neck, and thus we calculated the head-to-neck girth
(Equation 1) and incorporated this into our analyses.
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Head Girth
Head - to - Neck Girth= (1)
Neck Girth
Similarly, it was assumed that the slenderness of the neck would also influence its
flexibility under load, and thus we calculated the neck slenderness (Equation 2).
Neck LengthNeck Slenderness = (2)
Neck Girth
7 EAM
r !!
T4 T4
, Upright Cervical Spine Flexion
Figure 10: Head vs. Spine Angle During Neck Flexion
Statistical Analysis
Anthropometry ratios were imported into SPSS 14.0 (SPSS, Inc., Chicago, Illinois) and
SAS 9.2 (SAS Institute Inc., Cary, NC) for statistical analysis. The experiment-wise
error rate was held at the p=0.05 level. Data were analyzed using both descriptive and
inferential statistical techniques. Analysis occurred in three distinct phases. In phase I,
descriptive statistics such as frequency distributions, histograms and measures of central
tendency, variability, and association were computed for all relevant variables in the
dataset. In order to use appropriate statistical methods, variables were tested for
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normality. In phase II, bivariate plots were generated in which age and head-to-neck
girth ratio were plotted against angle for each subj ect and gender. In phase III, inferential
statistical techniques were applied.
A one-way Analysis of Variance (ANOVA) with a Post-Hoc Tukey's Honestly
Significant Difference test was used to compare the head-to-neck girth and neck
slenderness ratios between the 6-8, 9-12, 20-29, and 30-40 year old groups.
Generalized estimating equations (GEE), with an unstructured correlation matrix, were
used to assess the association between age, gender, and head-to-neck girth with passive
cervical spine flexion. GEE modeling was used because the design of the study included
repeated measures (i.e. multiple trials) for every angle tested (multiple conditions)
leading to correlated outcome data. To distinguish between adult and pediatric age
groups, analyses were stratified by age (6-12 years old and 20+) for the GEE analyses.
Static Analysis - Head Mass Influence on Neck Flexion
A static analysis was performed in order to approximate the forces exerted on the cervical
spine by the loading of the head. In order to calculate the force on the neck exerted by the
mass of the head, a few variables had to be estimated for each subject: the distance from
the center of rotation to the force exerted by the neck muscle, the distance from the center
of rotation to the center of gravity, and the mass of the head.
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Head mass proportion (HMP) values to total body mass for 6, 12, 18, 24, and 54 years of
age were taken from the literature (Jensen, 1986, 1989). A second order polynomial fit
was also applied to the 6 to 18 year old age groups. The resulting pediatric equation
(Equation 3) was used to determine HMP for the 6-12 year olds (R2 = 0.9896). A second
order polynomial fit was also applied to the 18 to 54 year old age groups. The resulting
adult equation (Equation 4) was used to determine HMP for the 20-40 year olds (R2
1.0).
HMP = 0.007(Age)2 - 0.026(Age)+ 0.0313 (3)
HMP = - 5E - 6(Age)2 + 0.0001(Age) + 0.0696 (4)
The moment arm distances were estimated using an approximation found in the literature
(Watkins, 2007). Figure 11 depicts the head in an upright (a) and fully flexed (b)
position. Table 2 details the forces acting on the head and necessary measurements for
the static calculations. The table lists example values, which vary throughout age.
Y F'R
FR F
cd
(a) (b)
Figure 11: Force Diagram for Head (a) Upright and (b) Fully Flexed
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Table 2: Variables for Static Force Analysis
Description Variable Value Unit
Acceleration due to gravity g 9.81 m/s
Atlanto-
occipital joint A
Head mass fG 5 kg
Weight of head (m-g) FG 49.05 N
11.03 lb
Force exerted by neck extensor muscles FM
Joint reaction force exerted by the atlas on the occipital bone FR
Moment arm of head weight d 2 cm
Moment arm of muscle force c 7 cm
Angles between head and torso vectors a
Angle of muscle force to horizontal 0 degrees
Angle of reaction force to horizontal ( degrees
The force exerted by the neck extensor muscles is assumed to act at the occipital bone
(projection of the head vector through nasion, EAM), be one large, passive muscle force,
and act tangential to the head throughout flexion. The force due to the mass of the head
acts at the varying locations of the center of gravity. The analysis begins by first
calculating the sum of the moments about the atlanto-occipital joint (A).
EMA = 0O FM (c) - FG (d) = 0
FM = FG (d) / c
Next apply Newton's 1st Law of Motion.
EF=0O FM- FR + FG = 0
In order to evaluate the muscle force at different angles the forces must be separated into
their horizontal and vertical components.
Horizontal Vertical
E Fx = FRx - FMx= 0
FRx = FMX = FMcosO
E Fy = FRy- FMy- FG = 0
FRy= FMy+ FG= FMsinO + FG
Finally use the Pythagorean Theorem to find FR and geometry to determine the angle the
reaction force makes with respect to horizontal.
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FR2 = FR 2 + FRy2  tang = FRy/FRX
FR= sqrt(FRx2 + FRy2) p= arctan(FRy/FRx)
This analysis provides the force of neck muscle acting at the base of the skull as well as
the joint reaction force at the center of rotation and its correlated angle.
Modeling the Cervical Spine as a Beam Bending
In order to understand the influence of neck size on cervical spine flexion the neck was
modeled as a beam bending. This can be seen in Figure 12 where the arrow pointing
downward represents the weight of the head, 'W', acting on the cervical spine during
neck flexion.
4 3 4 c P1C
7 c3lW22 C 413
T 2E1= 61
4
Figure 12: Neck modeled as a beam bending
The weight of the head can be calculated using the equation seen at the top of the image.
This variable was then substituted into the deflection equation found below it. In this
equation 'c' is the circumference of the head, 'p' is density, '1' is the length of the neck,
'a' is half the neck width, 'b' is half the neck depth. 'E' is Young's Module of Elasticity
and 'I' is the area moment of inertia. After rearranging the equation a more
comprehensive ratio, Beam Bending Ratio (BBR), was determined and added to the
statistical model.
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III. Results
Age-Based Differences in Anthropometry
Overall, 38 subjects were enrolled. Sample data including mean age, gender distribution
and anthropometric ratios for each age group are listed in Table 3.
Table 3: Production Data (Age)
AgeHead Neck Head-to- Neck
Subjects Girth Height Girth Neck Slenderness
yrs I/F m Girth Ratio Ratio
6 M 15 52 12.7 26.3 1.98 0.48
6 M 14 52 14.5 27 1.93 0.54
6 F 16 51 14 26 1.96 0.540 7 F 16 49.9 14 29 1.72 0.48
s 7 F 20 49 14 30 1.63 0.47
00 7 M 14 53 14 27.5 1.93 0.516 8 F 14 49 13 24 2.04 0.54
8 M 17 54.9 15 30.5 1.80 0.49
8 F 16 53 17 26 2.04 0.65
Average 7.0 M=4 F=5 16 51.5 14.2 27.4 1.89 0.52
Std Dev 0.9 2.0 1.2 2.1 0.05 0.02
9 M 14 53.7 11.5 25.5 2.11 0.45
9 M 15 51.5 11.6 27.5 1.87 0.42
10 F 21 55 16.5 28.5 1.93 0.58
O 10 M 15 52.5 15 28 1.88 0.54
10 F 17 53.6 17.3 28 1.91 0.62
11 F 17 53.5 17 28.3 1.89 0.60
11 M 20 56 17 32 1.75 0.53
11 F 20 54.5 16.5 29 1.88 0.57
12 F 23 55.1 16.5 31.5 1.75 0.52
12 M 18 55.5 15.5 31 1.79 0.50
Average 10.5 M=5SF=5 18 54.1 15.4 28.9 1.88 0.53
Std Dev 1.13 1.4 2.2 2.0 0.03 0.02
20 M 25 58 19.5 39.5 1.47 0.49
20 M 22 58.2 15.5 36.5 1.59 0.42
-o 21 M 19 54.5 17.5 35 1.56 0.50
o 21 F 25 57 16.5 32 1.78 0.52
22 M 24 55.5 15.5 36 1.54 0.43
S 22 F 20 57.5 20 31.5 1.83 0.63
S 22 F 20 55.5 17 31.5 1.76 0.54
S 22 M 27 58.5 16.5 41.5 1.41 0.40
24 F 23 57 12.3 31 1.84 0.40
____ 26 M 22 58 20.5 36.9 1.57 0.56
Average 22.0 M=6 F=4 23 57.0 17.1 35.1 1.64 0.49
Std Dev 1.8 3 1.4 2.5 3.6 0.05 0.02
31 F 23 56 15 32.5 1.72 0.46
32 M 28 62 16 41 1.51 0.39
S 33 F 23 57.5 18 33.5 1.72 0.54
S 34 M 23 56.8 17 37 1.54 0.46
S 36 M 26 58.5 21 39 1.50 0.54
S 37 F 23 56 13.5 32 1.75 0.42
° 37 F 27 59 16 35 1.69 0.46
40 F 22 56.5 16 34.5 1.64 0.46
40 F 35 52.5 19 40 1.31 0.48
Average 3 5.6 M=3 F-6 26 57.2 16.8 36.1 1.60 0.47
Std Dev 3.3 /, 4 2.6 2.2 3.3 0.05 0.02
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Results revealed significantly larger head-to-neck girth ratio in 6-8 year olds when
compared to 20-30 year old group (p<0.01) and the 30-40 year old group (p<0.01).
Similarly, 9-12 year olds exhibited significantly larger head-to-neck girth ratios
compared to the 20-30 year old group (p<0.01) and the 30-40 year old group (p<0.01).
No significant differences were found between the 6-8 year old group and the 9-12 year
old group (p=0.99). No significant differences were found between the 20-29 and 30-40
year old groups (p=0.94). No significant differences were found in neck slenderness
(p>0.13) across all age groups. To detect gender related differences, the 38 subjects were
organized into four gender-age groups. Since no significant differences in head-to-neck
girth were found between the 6-8 and 9-12 year age groups or between the 20-29 and 30-
40, the 6-12 year olds and the 20-40 year olds were combined into single pediatric and
adult age groups, respectively, and then separated by gender. The results for age
comparison can be seen in Figure 13.
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Figure 13: Age Anthropometry
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Gender-Based Differences in Anthropometry
Gender-based sample data including mean age, gender distribution and anthropometric
ratios for each age group are listed in Table 4.
Table 4: Production Data (Gender)
AgeHead Neck Head-to- Neck
Subjects Girth Height Girth Neck Slenderness
yrs M/F kg/m2  cm cm cm Girth Ratio Ratio
6 F 16 51 14 26 1.96 0.54
7 F 16 49.9 14 29 1.72 0.48
7 F 20 49 14 30 1.63 0.47
8 F 14 49 13 24 2.04 0.54
8 F 16 53 17 26 2.04 0.65
10 F 21 55 16.5 28.5 1.93 0.58
10 F 17 53.6 17.3 28 1.91 0.62
11 F 17 53.5 17 28.3 1.89 0.60
11 F 20 54.5 16.5 29 1.88 0.57
12 F 23 55.1 16.5 31.5 1.75 0.52
Average 9.0 F=10 18.1 52.4 15.6 28.0 1.9 0.6
Std Dev 2.1 3.0 2.4 1.6 22 0.1 0.1
21 F 25 57 16.5 32 1.78 0.52
22 F 20 57.5 20 31.5 1.83 0.63
22 F 20 55.5 17 31.5 1.76 0.54
24 F 23 57 12.3 31 1.84 0.40
31 F 23 56 15 32.5 1.72 0.46
33 F 23 57.5 18 33.5 1.72 0.54
37 F 23 56 13.5 32 1.75 0.42
37 F 27 59 16 35 1.69 0.46
40 F 22 56.5 16 34.5 1.64 0.46
40 F 35 52.5 19 40 1.31 0.48
Average 30.7 F=10 24.2 56.5 16.3 33.4 1.7 0.5
Std Dev 7.8 4.5 1.7 2.4 2.7 0.2 0.1
6 M 15 52 12.7 26.3 1.98 0.48
6 M 14 52 14.5 27 1.93 0.54
7 M 14 53 14 27.5 1.93 0.51
8 M 17 54.9 15 30.5 1.80 0.49
9 M 14 53.7 11.5 25.5 2.11 0.45
S 9 M 15 51.5 11.6 27.5 1.87 0.42
10 M 15 52.5 15 28 1.88 0.54
11 M 20 56 17 32 1.75 0.53
12 M 18 55.5 15.5 31 1.79 0.50
Average 8.7 M=9 15.9 53.5 14.1 28.4 1.9 0.5
Std Dev 2.1 / 2.1 1.7 1.8 2.3 0.1 0.0
20 M 25 58 19.5 39.5 1.47 0.49
20 M 22 58.2 15.5 36.5 1.59 0.42
. 21 M 19 54.5 17.5 35 1.56 0.50
22 M 24 55.5 15.5 36 1.54 0.43
22 M 27 58.5 16.5 41.5 1.41 0.40
S 26 M 22 58 20.5 36.9 1.57 0.56
32 M 28 62 16 41 1.51 0.39
34 M 23 56.8 17 37 1.54 0.46
____ 36 M 26 58.5 21 39 1.50 0.54
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Figure 14: Head-to-Neck Girth Ratio Across Gender
Results revealed significantly larger head-to-neck girth ratio in pediatric males when
compared to adult males (p<0.01). Similarly, pediatric females exhibited a significantly
larger head-to-neck girth ratio (p=0.02) compared to adult females. Statistically
significant differences were found in head-to-neck girth (p=0.01) between adult males
and adult females. Significant differences were .found between pediatric females and
adult males (p<0.01) and between pediatric males and adult females (p<O.0 1). No
significant differences were found between pediatric females and pediatric males
(p=O.99). The head-to-neck trend across gender can be seen in Figure 14 and neck
slenderness in Figure 15.
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Figure 15: Neck Slenderness Across Gender
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Figure 16: Gender Anthropometry
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No significant differences were found in neck slenderness between pediatric females and
males (p=O. 12), adult females and males (p=0.78), pediatric and adult females (p=0.07),
pediatric and adult males (p=0.70) or pediatric male and adult female (p>0.99). A
statistically larger neck slenderness ratio was found in pediatric females compared to
adult males (p<0.01). These results can be seen in Figure 16.
Exemplar Flexion Data
The following figures are exemplar flexion graphs for a child (Figure 17a) and adult
(Figure 17b) subject during rotation. The green line represents the head vs. torso angle,
the blue line is the head vs. spine angle, and the red line is the seat back angle with
respect to ground. Only the head vs. spine angle data were reported because the trends
seen for the head vs. spine angle were the same.
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Figure 17: Exemplar Graph for (a) an Adult and (b) a Child
Age- and Gender-Based Diferences in Cervical Flexion
The head vs. spine flexion angle means and standard deviations for each age group are
illustrated in Figure 18. Combining 38 subjects with three trials and three conditions
yielded the potential for 342 total data points (81 in the 6-8 yr olds, 90 in the 9-12 yr olds,
90 in the 20-29 yr olds and 81 in the 30-40 yr old group). Conditions and/or trials that
34
50
-50
violated the relaxation criteria were eliminated, reducing the number of data points to 295
(55 in the 6-8 yr olds and to 69 in the 9-12 yr olds). No data were eliminated from the
adult groups.
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Figure 18: Age-Based Angle Comparison
The head vs. spine flexion angle means and standard deviations for the gender-age groups
are illustrated in Figure 19. Eliminating data points that violated the relaxation criteria
yielded 76 in the female pediatric group, 90 in the female adult group, 48 in the male
pediatric group, and 8 1 in the male adult group for a total of 295 data points.
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Figure 19: Gender-Base Angle Comparison
Differences in cervical flexion angle were demonstrated for both gender and age; females
exhibited larger neck flexion angle than males (p = 0.0 13) and flexion angle decreased
with age (p = 0.006). There was no significant interaction between age and gender (p=
0.76). Head-to-neck girth ratio in part explained these differences. Adding this to the
model yielded a significant effect (p = 0.004), and eliminated both the effect of age (p =
0.39) and gender (p = 0.13). Of note, condition (upright, 450, 900) and trial number had
no effect on flexion angle (p = 0.45 and p = 0.72, respectively). To illustrate the change
in head vs. spine angle across age, all trials and conditions meeting the relaxation criteria
were plotted across age for males and females in Figure 20.
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Figure 20: Head vs. Spine Angle vs. Age
Stratifying the analyses by age groups revealed that the gender effect remained
significant only in the adult group (p = 0.04); no gender effect was seen (p = 0.18) among
the 6-12 year olds. Within the pediatric age group, an increased head-to-neck ratio
resulted in significantly more cervical flexion (p = 0.024).
Static Force Analysis
The change in head mass across age can be seen in Figure 21 and Figure 22 displays the
relation between the calculated muscle forces in the neck in the upright position with
respect to age.
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Figure 22: Change in Neck Muscle Force Across Age
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Head Mass vs. Age
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Figure 21: Change in Head Mass Across Age
Beam Bending Analysis
The beam bending ratio decreases throughout age at the same rate for both genders which
is illustrated in Figure 23. The ratio is slightly higher for females than males. Further
these results exhibit the same trends as angle versus age shown in Figure 20.
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Figure 23: Beam Bending Ratio Across Age and Gender
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IV. Discussion
Pilot Study
At the conclusion of the pilot study there were a few modifications that were made in
order to resolve any concerns with the protocol. The pilot study consisted of nine
subjects. Data was collected for each subject in the upright position and at a seat back
angle of ninety degrees with respect to the ground. There was no difference observed in
these two positions and therefore an intermediate recording at forty-five degrees was
included. A protractor was positioned on the seat back, which was used to determine the
angle of rotation of a subject. Upon spine angle measurement, it was determined that the
seat back rotation of 90 degrees was not equal to the subject's spine rotation 90 degrees
from the vertical position. It was originally assumed that the seat back and subject's
torso were a rigid body, however differences in seat back and spine angles were observed
as a result of belt slack. To correct this problem and ensure the spine angle was rotated to
ninety degrees, a gravity based tilt sensor was adhered between T1 and T4. Padding was
also placed between the belts and the subject, which also provided more comfort.
Camera positioning for marker detection posed an issue early on which was resolved by
simply moving cameras or adding markers to create a vector and later a virtual marker to
be tracked. The tracing of the cervical spine was recorded using a short wand, which
created marker identification problems. This wand was later modified and made larger
which allowed the software to easily recognize each marker.
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At the end of a test session all markers and EMG electrodes were removed from the
subject, which was at times a problem for the children. Peeling off the markers seemed
painful for some subjects, so adhesive removal wipes (Orange-Sol Medical Products,
Inc., Gilbert, Arizona) were used for ease of taking off the markers.
Production Data
Head vs. Spine Angle
There was no significant change in head vs. spine angle during the three conditions of
seated upright and at spine angles of forty-five and ninety degrees. Future assessment of
passive cervical spine range of motion across age could incorporate different test
conditions to better understand the biomechanical performance of the neck under the
influence of a non-injurious load.
There were outlying data points found when analyzing cervical spine flexion across age,
which may be caused by different anthropometry across age and gender. In order to
detect these changes the varying locations of the nasion with respect to the midpoint of
the EAMs for all subjects was plotted. Through this analysis it was difficult to determine
whether or not the changes were due to subject posture or anthropometry. This can be
seen in Figure 24.
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Figure 24: Variation of nasion locations for a sample of subjects with midpoint of EAMs as
origin
It can be seen that there are anthropometric changes in the anterior/posterior and
lateral/medial directions however it is not clear if subjects differ in posture or
anthropometry. In order to determine whether there are anthropometric changes in the
superior/inferior direction another reference marker, a known anatomical landmark on the
skull, is needed. In addition to this analysis an external observation of the photographs
did not reveal any significant differences across subjects.
This study included male and female human volunteers from pediatric and adult age
groups. The results from this study agree with the current finding such that the pediatric
age range displayed greater head vs. spine angle, and range of motion decreased with age
(Feipel et al., 1999; Sforza et al., 2002; Lewandowski and Szulc, 2003; Lynch-Canis et
al., 2006; Arbogast et al., 2007). Unlike Arbogast et al (2007) we found no significant
42
differences between the 6-8 year old group and 9-12 year old group. This difference may
be attributed to the addition of active musculature, as motor control improves with
maturation. In contrast this study implemented a passive musculature technique that may
not have been practiced properly by the younger subject population.
EMG Response to Muscle Activity
It was difficult to determine whether or not a subject was fully relaxed during a test.
From an external observation a subject would seem fully relaxed however the EMG data
revealed increased muscle activation. Video recording for all subjects was later
monitored for comparison to EMG data and the difference persisted. The muscle activity
could be caused by tensing of neck to hold the head still or the activation of an adjacent
muscle. Future studies of passive neck musculature could integrate different test
conditions to ensure full relaxation. An enhanced restraint may allow for better isolation
of the cervical spine also ensuring less movement from nearby muscles.
Age and Gender-Based Anthropometry
An age-based anthropometric analysis showed that both pediatric age groups (6-8, 9-12)
displayed significantly larger head-to-neck girth ratios than the adult age groups (20-30,
30-40). These results may have a significant impact on the greater range of motion found
amongst children. The significant decrease in passive cervical spine flexion with age was
demonstrated for both males and females. Previous literature suggests that adult females
have greater cervical spine range of motion than adult males, (Chen et al., 1999) which
was also seen in this study. This trend was present in the pediatric data, but was not
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statistically significant. The age and gender differences were explained in part by
differences in the head-to-neck girth ratio. This parameter, which decreased with age and
was greater in females versus males, was the most significant contributor to the decrease
in cervical spine flexion. These data suggest that male and female head-to-neck ratio
decrease at different rates; they diverge throughout maturation.
The head-to-neck girth ratio scatter plot (Figure 14) depicts the linear trends across age.
Adult females exhibit a greater girth ratio, which could be explained by the more
prominent protuberance of the Adam's apple at an older age. Because the adult male
neck is larger, the girth ratio with respect to neck girth is smaller in this age range and the
gender difference is greater.
Previous studies have reported no gender based differences in pediatric cervical spine
range of motion (Feipel et al., 1999; Lewandowski and Szulc, 2003; Arbogast et al.,
2007). This study showed a trend towards increased flexion in pediatric females
compared to pediatric males, however these differences were not statistically significant.
The lack of statistical significance may be due to an insufficient sample size as a total of
47 data points were removed from the possible 171 in the pediatric age range due to
exceeding the relaxation criteria. Of interest, if the relaxation criteria are waived and all
trials of all pediatric subjects are included, gender has a significant effect on cervical
spine flexion among children (p=0.02). This may suggest differences in muscular control
between the genders that may have an influence on neck kinematics. Future studies are
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needed to fully understand gender based differences in neck flexion among pediatric
subj ects.
Ligamentous Cervical Spine
The existing research reveals that the upper cervical spine is stiffer than the lower
cervical spine (Ching et al., 2001) and that the male upper cervical spine was
significantly stiffer than the female and significantly stronger than the female in flexion
(Nightingale et al., 2002, 2007). These are results from post-mortem research and do not
quantify the differences in live upper and lower cervical spine. The affect of
musculature and cervical spine orientation are important when considering mechanical
performance. Subsequently a more extensive biomechanical assessment of the cervical
spine should be conducted to determine the differences in material properties between
males and females as well as differences seen throughout maturation. Medical imaging
can be useful in determining the location of flexion within the cervical spine.
As seen in the literature, children exhibit greater range or motion than adults. Key
findings form PMAS and PMHS analyses reveal that flexibility of the ligamentous
cervical spine decrease with age, and tensile strength, stiffness as well as failure load
increase with age (Ching et al., 2001; Hilker et al., 2002; Nuckley et al., 2005; Ouyang et
al., 2005; Nuckley and Ching, 2006). These outcomes likely result from material and
structural changes during human growth. While this study was an external measurement
of cervical spine flexion, these internal findings may help explain our results. Increased
tensile stiffness in the adult population could result in reduced strain of the cervical spine
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ligaments and passive musculature, decreasing overall flexion angle. Contrarily, reduced
tensile stiffness in the pediatric age range would lead to greater strain and greater neck
flexion. Greater neck flexion in children is also likely due to their increased head-to-neck
ratio as compared to adults, which would yield greater neck loads and increased tension
on the passive neck musculature.
Previous studies using post-mortem specimens analyze the behavior of the cervical spine
without the influence of active neck musculature. The ligamentous cervical spine is a
complex structure where muscle tissue and other contributing materials are important
factors to the true biomechanical properties. Unfortunately medical imaging can be
harmful due to the amount of transferred radiation. Again, this study was purely an
external observation of the changes in the cervical spine experiencing passive neck
flexion. Further research should include an internal analysis of the cervical spine in
living subjects.
Static Force Analysis
In order to see a more significant trend in the muscle forces with respect to age a different
approach could have been applied. Voo et al. (1998) conducted a study to assess the
quasi-static and dynamic bending responses of the human mid-lower cervical spine.
Cadaveric specimens were subjected to a flexion bending moment using an
electrohydraulic piston. Bending moment was calculated by the summation of the
moments about the center of the load cell to which the specimen was fixed. The resulting
equations included the moment at the intervertebral joint, shear force and compressive
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force. The static force analysis used in this study only incorporated the joint reaction
force and grouped muscle force, which acts at the base of the skull. Perhaps a significant
comparison across age would include a more acute examination of the intervertebral
discs.
This static force analysis was based on the assumption that the moment arm distances
from the center of rotation about the atlanto-occipital joint are the same throughout age.
However after completing a statistical analysis of head anthropometry across age,
significant differences were found for all head measurements. This suggests that the
assumption is inaccurate and the moment arms should be estimated differently. This
could be done in the future with a digitizer or a caliper. After this measure is taken,
further analyses should integrate the stiffness factor in the equations of interest. It has
been determined in this study that head mass does not significantly change throughout
maturation, however the other two factors (moment arm and stiffness properties) change
and should be examined. This will help to better understand the material properties of the
neck and their influences across age and gender.
Beam Bending Analysis
The beam bending analysis revealed a distinct similarity to head vs. spine angle across
age and gender. This suggests that the beam bending ratio may be a good predictor of
cervical spine flexion which will be seen after future analyses.
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V. Conclusion
There are normative values for cervical spine range of motion amongst children, which
provide the central foundation in understanding the structural changes associated with
injuries of the cervical spine. Only a few studies exist which illustrate developmental
biomechanics. The purpose of this study was to assess the difference in passive flexion
of the ligamentous cervical spine between children and adults. The hypothesis was
determined to be accurate in that flexion decreased throughout maturation, however the
insignificant trend seen in gender effect across age is still unknown. The age and gender
differences found in this study offer incentive to further examine the major influences on
neck flexion in both genders.
To account for the different mechanical properties amongst male and female children
future models of the pediatric cervical spine in ATDs could be enhanced. The child ATD
design could utilize two neck models to be removed and fastened during different
analyses. The pediatric ATD neck design could also be capable of altering its mechanical
properties. For example,.the stiffness of the rubber in the neck column can be changed
via a torsional mechanism.
The key results found in this study suggest that the neck materials (i.e. muscles and
ligaments) are prominent influences on the performance of the cervical spine. It is
important that research continues using live human subj ects to thoroughly understand the
biomechanics of passive and active neck flexion. Experimental testing using pediatric
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cadaver spines is another important means to identify age related biomechanical
responses. As aforesaid this is not viable due to the limited availability and sensitivity to
the use of pediatric tissues.
Mathematical models are another valuable option for this assessment having the
capability to integrate human characteristics that occur throughout maturation. This
method also offers the ability to reproduce structural properties of the different materials
that make up the cervical spine as well as unusually shaped structures. This is a helpful
alternative to using live and cadaveric human subjects.
The paucity of pediatric post-mortem human subjects for biomechanical research
necessitates other methods for obtaining pediatric data. Sub-injurious human volunteer
studies like those described herein compliment the rare PMHS data and animal studies.
These data quantify the changes in passive cervical spine flexion across maturation and
act as a validation data set for computational cervical spine models. Ultimately, these
data will contribute to the development of an improved pediatric ATD biofidelity
requirement.
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